A new method for generating and modeling reduced-scale copolymer gradients by CVD is reported. By exploiting diffusion through confined channels, functionalized [2.2]paracyclophanes are copolymerized into their poly(p-xylylene) (PPX) analogues as a composition gradient. Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) are used to verify the gradient composition profiles. Gradients are deposited on both flat substrates and 3-dimensional cylinders. Both the thickness and compositional profiles are fitted to a diffusion-based model using realistic physical parameters. The derived equation can be generalized and optimized for any copolymerization gradient through a confined geometry, thus allowing for broad applicability to other copolymer systems.
Introduction
Technological advancements in engineering and medicine often rely on the formation and utilization of spatiotemporal cues. Many of these approaches mimic the naturally occurring gradients observed in biology. For example, cell migration relies on the presence of signaling gradients that facilitate many in-vivo regenerative processes. [1, 2] In addition, chemical surface gradients play a critical role in sensing, mammalian development, [3] tissue regeneration, [2] cell migration, [4] and combinatorial materials discovery. [5] Fabrication of a surface gradient on variable length scales would significantly lower the amount of time required to synthesize a range of surface-coating compositions in series, and place researchers in a position to more accurately replicate normal biological processes. Several methods of generating surface chemical gradients have been developed over the years. [6] For example, microfluidic methods [7, 8] can deliver robust gradients on the micrometer-length scale needed for microbiological environments. Photolithography [9] [10] [11] can be used to fabricate reactive chemical and/or surface energy gradients on adjustable length scales; however, the former method can only generate gradients on a fixed length scale; if the gradient slope is to be varied, it is likely to be within a narrow range. Furthermore, three-dimensional gradients on complex objects (e.g., porous scaffolds) are needed for in-vivo applications (e.g., tissue regeneration constructs). This type of robust material complexity cannot be easily realized by currently available photolithographic and/or microfluidic methods. To fill these technological gaps, a surface modification method is needed to preserve the delicate nature of soft materials, as well as the spectrum of complex substrate geometries. The CVD polymerization process [12, 13] conformally coats three-dimensional objects [14] with polymer films at room temperature in a relatively short timeframe, making it an effective system for bio-interfacial applications. [15] Several classes of polymers, [16] such as polynaphthalenes, [17] polyacrylates, [18, 19] and polythiophenes [20] can be deposited as thin films with the CVD process. While the CVD of inert PPX has long been used in the micro-fabrication industry, [21, 22] the polymerization of their functionalized precursors has been less established. [12, 23] The same process can now impart surface coatings with tailored reactivities and functional groups, [24] [25] [26] [27] [28] several of which support cell proliferation, growth, and differentiation. [27, 29] Recently developed methods of gradient-coating deposition use a two-source polymerization of functionalized PPXs. [29, 30] The two-source process allows for anisotropic deposition of multiple monomers. By optimizing process conditions, a thin film surface gradient can be formed. We now report an important modification of the CVD gradient process that significantly reduces the gradient slope, an important step towards biomedical applicability of these coatings. This process has also been theoretically modeled and fitted to experimental data, thus providing a means for experimental prediction prior to large-scale production.
Results

CVD Gradient Reduction
Scheme 1 compares the CVD hardware configurations for polymerization and deposition of PPX copolymer coatings. The normal two-source set-up allows for anisotropic deposition of multiple PPXs, compared to the homogeneous copolymerization achieved in the one-source CVD method (Scheme 1a). In the two-source CVD (Scheme 1b), the gradient length scale is dependent on both the mean free path and the mass transport mechanisms. Our strategy was to reduce the length scale of PPX copolymer gradients by eliminating effects due to convection. This was achieved by constructing an apparatus (Scheme 1c) that is placed on top of the substrates, then placing both the substrates and the apparatus in the CVD chamber prior to deposition. The apparatus consisted of a sheet metal baffle erected on top of a poly(dimethylsiloxane (PDMS) mold with millimeterscale channels cut into the face resting on the substrate (Scheme 1d). Although various channel widths were cut into the mold, all channels held an identical clearance height of 3.3 mm (Scheme 1d). This value was fixed in order to compare opening and length aspect ratios. A sheet metal baffle was erected on top of the mold, with the purpose of segregating and directing monomer flow into opposite sides of the PDMS channels. CVD polymerization was carried out on both silicon and gold substrates attached to the PDMS mold, such that the CVD coatings on the substrates could be analyzed for FTIR and XPS signals after mold removal. Dimers 4-trifluoroacetyl-[2.2]paracyclophane (1) and 4-aminomethyl-[2.2]paracyclophane (2) were each loaded into a CVD source on opposite sides of the chamber. When transported by argon carrier gas, [2.2] paracyclophanes are thermally cracked into their corresponding quinodimethane structures, which subsequently undergo free-radical polymerization into the corresponding PPXs.
Most of the PDMS channels were wide enough for an FTIR signal to be read after removal of the mold. Results from one representative channel (6.8 mm width) can be found in Figure 1 . As the channel path was traversed from one opening to the other (as indicated by distance from source 1 channel opening), the ratio of characteristic IR peaks gradually changed in intensity. The carbonyl stretch at 1716 cm À1 (CO) was most pronounced at 0 mm and only are normally weak, they still exhibited the same gradual increase in intensity (Fig. 2) . Thus, the confined channels were capable of reducing the bulk compositional gradient down to a scale smaller than that of the entire CVD system.
Gradient deposition within such a small geometry could bring about strong differences between the bulk film composition and the composition that results on the surface. To assess surface composition, XPS was used to capture the atomistic composition within the top 5-10 nm of the thin film. Fluorine and nitrogen are uniquely indicative of dimers 1 and 2, respectively, and their compositional ratio directly indicates the copolymer ratio. Figure 3a -c displays compositional profiles for the three different channel widths (3.3 mm, 6.8 mm, and 12 mm). While all three gradient profiles were deposited under the same CVD process conditions, tight control over the slope was maintained. Moreover, the slope of the gradient was inversely proportional to the width of the channel. A homogeneous distribution of functional groups existed perpendicular to the gradient direction, which was also verified by XPS measurements.
Spectroscopic ellipsometry (SE) was used to measure thickness values throughout the channels (Figs. 4a-c). As channel widths increased, the thickness profiles became more uniform, indicating a reduced rate of monomer depletion. Thickness profiles from various geometries were compared in a dimensionless coordinate system (Fig. 4d) .
The thickness values were normalized with respect to the average thickness value t av , to equalize the comparison of topological thickness distributions. When plotted against the dimensionless distance x/L, the plotted profiles showed identical relative rates of change with respect to different channel geometries. Both monomers were consistently deposited at different rates. For all the various channel geometries (width and length), the normalized thickness distribution was identical.
3D Deposition
The PDMS channels are capable of closing technological gaps pertaining to both the gradient length and the types of substrates coated. While the PDMS channels significantly reduced the compositional slope of the gradient thin films, they also acted as housing units in which three-dimensional objects were inserted and coated with CVD gradients. 10 mL pipette tips were chosen as a three-dimensional object due to their consistent shape and ability to fit into the channels. The pipette tips were an ideal object of study due to their resemblance to cellular incubators and scaffolds, but also due to their uniform geometry. The tips were sectioned such that the diameters of the open ends were equal (L ¼ 9 mm; ID ¼ 1.0-1.1 mm; see Fig. 5a ). This was done to ensure a direct comparison between the flows on both ends. After splitting the sections in half along the length, the inside coating was analyzed using XPS (Figs. 5b-c) . Again, the presence of nitrogen and fluorine were unique indicators of the copolymer ratio. The gradient compositional slope was reduced to an even smaller value than that of the PDMS channel, mostly due to the reduced pipette dimensions. The length over which the gradient occurred (<1 cm) represents more than a tenfold reduction from that of the original CVD gradient method. The compositions at the ends of the pipette tip were similar to that of the gradient in Figure 3a . This result aligns well with our hypotheses because the two channels were identical in aspect ratio. Both have symmetrical cross-sectional geometries (square vs. circle), leading to identical rates of depletion. [31] 3. Discussion
Derivation of Design Equation
To better predict the gradient film characteristics, we derived a reaction engineering-based model to describe the gradient and compute the thickness and composition profiles. These theoretical values were then compared to values from experimental measurements. Our goal was to model the flow, composition, and thickness topographies, but not the mechanism of polymerization. Thus, only the rate of deposition onto the substrate was considered. Deposition was considered to occur when the monomeric diradical adsorbed onto the film surface, regardless of polymerization spontaneity. Neglecting bulk polymerization in the vapor was also an informed assumption.
[32] The
Knudsen number (Kn ¼ l/h) was calculated to check if the channel flow was characteristic of Knudsen diffusion. For our system, Kn < 0.1 indicates the absence of Knudsen diffusion and validity of normal continuum flow theory. Furthermore, flow through the confined channels can be assumed to be purely diffusive. Although the carrier gas contributes to a convective flow, the only streamline present flows directly to the pump. Only a diffusive driving force can transport monomer through any existing boundary layers. The sharp reduction in flow diameter (i.e., the PDMS channel) and the presence of a baffle eliminated convection. With respect to wall surface area, different channel geometries will deplete the monomer vapor at different rates. The dimensionless variable,
, equalizes the comparison between these different geometries. [31] Here, z is the distance from the COCF 3 monomer entry, B c is the cross-sectional perimeter, and A c is the crosssectional area. When the normalized mole fraction is plotted against Z Ã (Fig. 6 ), all the compositional plots (Figs. 4a-c and Fig. 55c ) become identical and superimposed, showing that geometry is the only variable that contributes to the disappearance of monomer (versus diffusion through PDMS or possible backflow). The trends also verify the accuracy of the data. The CVD polymerization of [2.2] paracyclophanes is well known to have transport limitations prior to polymerization, including adsorption limitations. [16, 22] Therefore, bulk diffusion in the channel is relatively rapid, and C can be approximated as the average vapor-phase concentration at location z. All variables are given in SI units. Scheme 2 illustrates the derivation for the shell balance on the channel, a necessary step for deriving the design equation. Molecular flux due to diffusion occurs through the channel cross-sectional area, whereas the flux due to deposition occurs on the inner wall surface. Fick's law of diffusion for a steady-state process (Eq. 1) gives the relationship between molecular flux and concentration, with respect to distance.
] is the diffusivity of monomer i. Compositional differences perpendicular to the flow are assumed to be negligible, and this was shown to be true experimentally as indicated by XPS measurements. Parylene deposition rates have traditionally been modeled as a power-law rate function of concentration at the bare surface. [32] We modeled the depositional flux as a power-law rate relationship, except that C(z) was considered in terms of the average vapor-phase concentration at location z. Taking a mole balance on a differential length (Scheme 2) produces Equation 2.
Dividing both sides by Dz and taking the limit as Dz approaches zero yields Equation 3.
w and h represent the width and height of the channel crosssection. The boundary conditions (Eq. 4) and (Eq. 5) are experimentally feasible and accurate, especially in light of Figure 6 .
Mass diffusivities can be calculated from Equation 6, [34] based on ideal gas behavior.
Fig. 6 . XPS composition profiles are plotted on a dimensionless coordinate system, where geometrical channel differences have been removed. The plot illustrates that the channel geometry is the only factor which affects the rate of monomer depletion.
Scheme 2. The shell balance used for derivation of the process design Equation 3.
Computation and Optimization
Although D i is calculated, the actual value will exhibit a deviation from the theoretical calculation. Hence, D i and C 0 remain adjustable variables along with n and k. Alongside these 4 variables, there exist 4 experimental constraints on the design equation, namely: the composition ratio measurements from XPS, the polymer deposition rate measurements from in-situ quartz crystal microbalance, the film thickness measurements from ellipsometry, and n ¼ 1.5. The first three constraints are a result of independent experimental measurements. Hence, all of these constraints together determine k i . Numerical computations were carried out using MATLAB. Since the CVD vapor concentration is fundamentally anisotropic, the chamber partial pressure (P M,avg ) approximation for C 0,i will be inaccurate. Approximately 3-5% of the loaded monomer deposits onto the target sample(s), so we used this ratio as a first approximation for C 0 /C chamber . The ratio of C 0,2 /C 0,1 is also set by the monomer sublimation rates, _ m 2 = _ m 1 . Equation 3 was also applied to monomer 2, except that the boundary conditions were reversed to reflect the opposite entryway. Total thickness of the copolymer was assumed to be additive (t total ¼ t M1 þ t M2 ) and based upon the vapor-phase concentration power law. Converting the surface flux into a deposition rate produces Equation 7 , in which t is the deposition time.
The copolymer ratio can be calculated based upon t 1 and t 2 , since the surface composition was demonstrated to be very close to that of the bulk. [35] The reaction rate order n i is assumed to be 1.5, based upon the model of the polymer film as a bulk diffusion reaction. [33] When using the firstapproximation values for D i and C 0,i , both the thickness and compositional curves come to be within very close range of the experimental curves. Figures 3 and 4 compare the experimental and theoretically calculated composition and thickness distributions, after optimization by adjusting D i , C 0 , and k i . The parameter values used for each of the three geometries investigated were nearly identical and fell within approximately one standard deviation from the mean ( Table 1) . Thickness calculations were very sensitive with respect to C 0 , which helped to fix C 0 . Also, D i must be constrained such that it falls within range of the theoretical calculation. Within this range, varying D i will change the gradient slope for the particular monomer, although the change is not as dramatic as varying C 0 . Values for k 1 and k 2 should be very similar since the mechanism for deposition is nearly identical. The same is true for n 1 and n 2 . We find that k 2 > k 1 , which is consistent with basic structural analysis. The NH 2 group in 2 possesses greater polarity, which increases the driving force for deposition by lowering the adsorption activation energy. [22] Furthermore, we find that D 2 < D 1 , with respect to both experimental and computational data, thus adding to the difficulty of 2 channel diffusion. According to Equation 6 , D 2 should be greater than D 1 , but this discrepancy is likely due to a higher local pressure for 2. When using a bulk film diffusion model with Flory's surface concentration, [33] the calculated value for k in the literature for unfunctionalized PPX equals 0.5-0.6 m 2.5 mol À0.5 s À1 . This value is approximately one order of magnitude lower than the fitted k values (Table 1) , and this difference reflects the differences in sticking coefficient that are observed experimentally. Any functional groups added to the PPX chain will add significant polarity and mass, which significantly decreases the adsorption activation energy. [22] Thus, the differences conform with expected values and trends. Furthermore, when using the fitted parameters, the deposition rate is calculated to be 13-15 A s
À1
, which agrees very well with the experimentally measured rate of 8-10 A s
. Although these deposition rates are higher than the typical CVD operation, they are not uncommon in various CVD polymerization processes. [16] Because PDMS is semipermeable, some vapor diffusion into the PDMS pores will cause excess monomer depletion. In order for CVD runs to be reproducible and efficient, the PDMS should be used for a few depositions before they are used to produce gradients within the channels. The first few depositions would form a seal over the PDMS pores, hence preventing loss of monomer from the vapor. This is also necessary in order to obtain consistent thickness values. Alternatively, an impermeable material or a mold sealant can be used.
Generalization of Design Equation
Transforming C and z into dimensionless variables allows for a broad analysis of copolymer gradient coatings with respect to process variables. [36] C is normalized by the monomer concentration at the opening z ¼ 0, and z is normalized by the channel length L, as given by Equation 8.
These variables can then be substituted into Equation 3, yielding Equation 9 . F is a dimensionless constant given by Equation 10 .
F represents the Thiele modulus for pore diffusion and reaction. All experimental variables relating to both the channel geometry and the CVD process are contained in F. Thus, optimization of the gradient deposition involves modification of the process until a suitable value for F emerges. Since Equation 9 models a deposition reaction, F determines the balance between a sharp gradient and an even thickness distribution. When comparing curves for various values of F (Fig. 7) , a value of F ¼ 5-10 would yield both a wide concentration range and a relatively even thickness, provided that F 1 ¼ F 2 .
Conclusions
In summary, we demonstrated and modeled a method for generating reduced-scale surface composition gradients onto both flat and 3D substrates via CVD copolymerization. The method bypasses transport limitations by exploiting monomer diffusion through confined geometries. Results from FTIR spectroscopy and XPS illustrate the presence of a copolymer gradient in both the bulk film and the surface, respectively. The gradient slope can be adjusted by changing the channel dimensions. A simple Fickian diffusion model accurately predicts the thickness and composition profiles across various channel geometries. With regards to the design equation, adjusting the monomer sublimation rate will directly impact the channel entry concentration. The monomer diffusivity is affected by the carrier gas flow rate. The surface-to-volume ratio of the channel has the most direct effect on the steepness of the composition gradient. All CVD process parameters are stored in the Thiele modulus, a dimensionless constant that indicates both the thickness and compositional uniformities of the gradient.
The results reported can be used to better predict new types of CVD gradient coatings on varying length scales, a necessary tool for bridging small-scale biological gradients with complex geometries.
Experimental
Apparatus Construction (Scheme 1): PDMS and a curing agent (Sylgard, Dow Corning) were thoroughly mixed, degassed, and poured into plastic wells with an area wide enough to cover the width of the CVD sample holder (20 cm). After thermal curing for 40 min, the PDMS slab was removed, and channels were measured and cut into the underside of the slab. To accommodate a sheet metal baffle, a slit was cut down the center, along the length of the PDMS, with the channel length perpendicular to the slit. The PDMS construct was placed on top of 2 or 3 large silicon pieces, such that no gaps existed between the PDMS and sample holder. Before inserting the baffle into the PDMS, the PDMS/substrate construct was placed on the sample holder, approximately halfway between source 2 and the sample holder midpoint. After inserting the baffle into the slit, tape was used to fasten the baffle to the top of the CVD chamber. Objects for 3D gradient deposition (ART 10 Reach pipette tips, Molecular Bioproducts) were sectioned and inserted into the w ¼ 6.8 mm channels, such that the sectioned pipette tips lay entirely within the channel and parallel to the length. After CVD processing, the PDMS slab was removed for characterization of the substrate coating. Pipette tips were then cut in half lengthwise for surface characterization.
CVD Copolymerization: A custom-built, two-source CVD system was used to pyrolyze functionalized [2.2]paracyclophanes for deposition and copolymerization into functionalized PPXs, as depicted in Scheme 1 and described elsewhere [30] . Briefly, 1 and 2 were each loaded into glass dishes in separate quartz tubes, each tube encased in a tube furnace. Each tube feeds into the same chamber on opposite sides 180°from each other. Argon carrier gas was allowed to flow through each tube and into the chamber during dimer sublimation. Pyrolysis temperatures of 670°C were used for each furnace, the sample holder was set to 15°C, and a chamber wall temperature of 110°C was used. Process conditions for CVD copolymerization consisted of the following -dimer loading: M 1 ¼ 160 mg, M 2 ¼ 205 mg; carrier gas flow rates: Ar 1 ¼ 6.0 sccm, Ar 2 ¼ 27 sccm.
Surface Characterization: IR spectroscopy was performed on a Nicolet 6700 spectrometer utilizing the grazing angle accessory (Smart SAGA) at a grazing angle of 85°. FTIR spectra were corrected for any residual baseline drift. Au-coated Si substrates were used for FTIR measurements, using blank Au-coated Si as a reference. XPS spectral data were recorded on an Axis Ultra X-ray photoelectron spectrometer (Kratos Analyticals, UK) equipped with a monochromated Al Ka X-ray source. All spectra were calibrated with respect to the non-functionalized aliphatic carbon (BE ¼ 285.0 eV). Thickness measurements were taken using a multi-wavelength imaging null-ellipsometer (EP3 Nanofilm, Germany). Measurements were taken from along the length of a sample in 5 mm increments. At each position, a measurement of delta and psi over a wavelength range of 401.4 nm to 1001.7 nm was taken. Fixed values of the real refractive index, n, of the polymer coatings, along with the measurements of ellipsometric delta and psi, were inserted into an n_k fix model to determine film thickness. Values of n were 1.54 and 1.49 for PPX-COCF 3 and PPX-CH 2 NH 2 coatings, respectively. 
